A new "mean regional" method for calcu lating global hemispheric values of blood flow, blood volume, and metabolism with positron emission tomog raphy is presented. It is based on a standardized set of regions defined according to coordinates in a stereotactic atlas of the brain, Region locations in each individual scan were determined by a localization technique that is in dependent of the appearance of the physiological images.
Many methods for calculating global positron emission tomographic (PET) measurements have been reported. These methods, however, have yielded widely varying values even in normal sub jects. One cause of these variations has been the inconsistency in the selection of anatomical regions included in the global measurements. Anatomical regions have been selected by either "whole-slice" or "mean regional" techniques.
"Whole-slice" methods (as used herein) calcu late the average value for all pixels within supraten torial slices. The outline of each PET slice is usually defined to include brain and exclude scalp and skull (Kushner et aI., 1984; Perlmutter and Raichle, 1984) . Slices selected in this way also include varying amounts of nonbrain regions such as CSF spaces (e,g., ventricles and sulci) (Herscovitch et Measurements obtained with this mean regional method minimize contributions from nonbrain structures such as ventricles or venous sinuses and provide the necessary basis for comparisons among different subjects and lab oratories. Key Words: Anatomical localization -Global measurements-Positron emission tomog raphy.
aI., 1983b) and large vascular structures (e .g, ve nous sinuses). In addition, the intracranial struc tures measured will vary depending on the orien tation and position of slices, which may vary not only among different subjects but also on repeat studies in the same subject. Differences in global values therefore either could represent true differ ences or simply reflect variations in the brain re gions that were studied. "Mean regional" methods (as used herein) cal culate global values from designated regions of in terest (ROIs) within PET slices. Nonbrain regions such as ventricles can be excluded by appropriate positioning of ROIs. ROIs have been anatomically localized within the PET images by visual inspec tion (Frackowiak et aI., 1980; Wise et aI., 1983; Pan tano et aI., 1984) , by comparison with x-ray com puted tomographic (CT) scans made in the same planes as the PET images, and by comparison with pictures from a neuroanatomical atlas (Duara et aI., 1984) , Corresponding PET, CT, and atlas slices usu ally have been chosen in reference to standard cra nial reference planes such as the orbitomeatal plane, Such reference planes have inconsistent re-lationships to brain structures (Talairach et aI., 1967; Takase et aI., 1977; Tokunaga et aI., 1977) . Thus, extant mean regional methods suffer from in accurate anatomical localization of the ROIs or are cumbersome to implement (requiring CT scans).
An ideal method for calculating global values for PET measurements must utilize data from the same anatomical regions for each subject, include all of the brain, avoid data from nonbrain regions, and be implemented easily. The method proposed in this communication attempts to satisfy these criteria.
METHODS
Twenty-four right-handed subjects (8 men and 16 women) between 20 and 84 years of age (mean 39 years) without a history of neurological or psychiatric diseases were studied. Seven subjects were older than 50 years and all seven had normal CT scans of the brain.
PET studies were performed with the PETT VI system in the low-resolution mode (Ter-Pogossian et aI., 1982; Yamamoto et aI., 1982) . Data were recorded simulta neously for seven slices with a center-to-center separa tion of 14.4 mm. Subject preparation and head positioning were performed as previously described (Fox et a!., 1985) . During each scan the room was darkened and the subject was instructed to keep eyes closed. The ears were not occluded. Ambient room noise during the scans was almost entirely from cooling fans for the electronic equip ment. Measurements of blood flow (Herscovitch et aI., 1983a; Raichle et aI., 1983) , blood volume (Grubb et a!., 1978; Mintun et a!., 1984) , and oxygen consumption (Mintun et aI., 1984) were made using ISO-labeled radiotracers.
Global values for blood flow, blood volume, and ox ygen consumption were calculated by two different methods: the previously reported whole-slice method (Perlmutter and Raichle, 1984) and the current mean re gional method described below. The whole-slice method calculated the average value for all pixels in PET slices above the straight sinus. The outline for each PET slice was determined as described by Fox et al. (1985) . Slices were bisected by an anterior-posterior midline to define \eft and right hemispheres.
The new mean regional technique is based on 21 ROIs in each hemisphere defined according to coordinates (Table 1; Fig. 1 ) in a stereotactic atlas of the brain (Ta lairach et aI., 1967). The atlas location for each ROI (16.2 x 16.2 mm) was selected according to the following cri teria and not to represent specific anatomical structures. All ROIs were supratentorial, at least 2 cm from the top of the brain, at least 1.5 cm from the nearest venous sinus, and far enough apart to avoid overlap. Region lo cations in each individual scan were determined by a ste reotactic anatomical localization technique previously described and validated (Fox et aI., 1985) . The mean re gional value was calculated as the mean value for all 42 regions, and hemispheric values were calculated as the mean of 21 regions on that side.
Whole-slice and mean regional data as well as left and right hemispheric values were compared with two-way paired t tests. The relationships of global data and sub-jects' ages were determined with Pearson product-mo ment correlations (Hays, 1981) .
These studies were approved by the Human Studies Committee and the Radioactive Drug Research Com mittee (U .S. Food and Drug Administration) of the Wash ington University School of Medicine. Informed consent was obtained prior to the PET studies.
RESULTS
Values of blood flow, blood volume, and oxygen consumption using the mean regional and whole slice methods are given in Table 2 . Mean regional blood flow (p < 0.0000004) and oxygen metabolism (p < 0.0000004) were significantly higher but blood volume was significantly lower (p < 0.0007) than the corresponding whole-slice values ( Table 2) . Left hemispheric oxygen metabolism and blood flow were less than right hemispheric measurements by both methods, whereas blood volume was asym metric only with the whole-slice calculation ( Table 2 ).
Mean regional blood volume and blood flow did not correlate significantly with age but mean re gional oxygen metabolism modestly did (r = -0.44, p = 0.032). Whole-slice blood volume did not correlate significantly with age but blood flow (r = -0.39, p = 0.05) and oxygen metabolism (r = -0.56, p = 0.044) did.
DISCUSSION
U sing the new mean regional strategy, we find that blood volume is lower than the corresponding value calculated with the whole-slice technique. This is due to the decreased contribution from large venous sinuses, which specifically are avoided in selecting ROls for the mean regional method. Fur thermore, mean regional left and right hemispheric blood volumes are symmetric, whereas the corre sponding whole-slice values are asymmetric. The latter asymmetry probably reflects the known ana tomical asymmetry of the venous sinuses rather than a true asymmetry in cerebral blood volume (Hochberg and LeMay, 1975 ).
Mean regional blood flow and oxygen metabolism are higher than whole-slice values. One factor that contributes to these differences is that whole-slice measurements incorporate data from CSF spaces such as ventricles. These low-flow, nonbrain re gions lower whole-slice values but are avoided in the mean regional calculations. Since contributions from CSF spaces increase as brain atrophy in creases (Zatz et aI., 1982) , global measurements in demented or elderly subjects must be explicitly cor rected to obtain meaningful data. Herscovitch et al. (1983b) calculated the CSF space for each subject using CT scans made in the same planes as the PET (1967) stereotactic atlas and are for regions in the left hemisphere. Homologous right-sided regions have the same vertical and anterior-posterior co ordinates with inverse right-left coordinates. An anatomical localization technique for use with pos itron emission tomography images that employs proportionate measurements for each subject was used to calculate the positron emission tomography coordinates for these regions (Fox et aI. , 1985) .
All regions of interest are 16.2 x 16.2 mm in size. F, frontal lobe; P, parietal lobe; 0, occipital lobe; DG, for deep gray structures including the basal ganglia and thalamus.
scans and used this value to correct the whole-slice data. An apparent decrease in flow in the normal elderly subject was no longer present with cor rected data (Herscovitch et aI., 1983b) . This method for CSF correction is accurate but requires a CT scan and is cumbersome to implement for a large number of subjects. Duara et al. (1984) used a mean regional method to calculate global glucose metab olism and found no significant correlation with age, whereas we found a modest correlation between mean regional oxygen metabolism and age. On the other hand, mean regional flow did not correlate significantly with age as opposed to the findings of Pantano et ai. (1984) . More subjects must be studied to confirm these preliminary findings. These addi tional studies must either explicitly correct for CSF spaces or more simply use a standardized mean re gional method such as we are proposing.
Another factor that caused mean regional oxygen metabolism to be higher than corresponding whole slice values was the exclusion of ROls near venous sinuses from mean regional calculations. The model for calculating oxygen consumption that we used contains several assumptions about the behavior of ISO-labeled O2 radioactivity in intraparenchymal vessels that do not apply to blood in the major ve-J Cereb Blood FlolV Metabol. Vol. 5, No.3. 1985 nous sinuses (Mintun et aI., 1984) . Radioactivity measurements from areas of brain near venous si nuses receive a large contribution from sinus blood due to the partial volume effect. This causes over estimation of the amount of radioactivity due to in travascular ISO with resultant underestimation of oxygen consumption. The mean regional method presented here for cal culating global measurements has several advan tages compared with extant methods. The regional data are obtained from anatomically defined (with atlas coordinates) ROls, which can be consistenly, accurately, and objectively located in each subject's PET scan using a stereotactic localization method (Fox et aI., 1985) . This provides the necessary basis for an accurate comparison of data among different subjects, different study sessions for the same sub ject, and different laboratories. Nonbrain regions (e.g., ventricles and venous sinuses) or those areas where measurements may be unreliable (e.g., near large venous sinuses for measuring oxygen con sumption) can be avoided. Finally, the entire pro cedure for calculating mean regional values can be accomplished quickly with appropriate computer programs (as done in our laboratory).
There are several limitations of this method. The .2 x 16.2 mm) used for the "mean regional" method are shown on four slices of a positron emission tomography (PET) study measuring regional CBF. The mean regional CBF for this subject is the mean value for these 42 regions. Table 1 lists the stereotactic atlas coordinates for these regions, and the regions' locations were determined for each subject using a stereotactic method of anatomical localization for PET (Fox et aI., 1985) . In this PET study, all 42 regions fell on these four slices. The top left image is the uppermost slice of the brain; the top right image is the next lower slice; the bottom left image is yet lower; and the bottom right image is the lowest slice. The left side of each image is the subject's left and the top is the front of the brain. The darker areas representing low regional CBF on the top right image are white matter regions and not ventricles. A normal 22-year-old woman was the subject for this study.
stereotactic method for localization of the ROIs as sumes normal anatomical relationships and is not valid for subjects with grossly distorted cerebral anatomy. Not all of the supratentorial brain within the PET images is incorporated into the global mea surement so that small focal abnormalities may not contribute to the mean regional value. Such small abnormalities are not likely to alter significantly the values from the less accurate and reproducible whole-slice method. Occasionally, some of the stan dardized ROls may not fall within the anatomical limits of an individual's PET study. For example, <0.0000004 <0.0007 <0.0000004 "Mean regional" values represent the mean value from 42 standardized regions within the cerebral hemispheres whose anatomical locations are defined by coordinates in a stereotactic atlas of the brain (Talairach et aI., 1967) . These regions avoid nonbrain regions such as ventricles and large venous sinuses. "Whole-slice" values were calculated by averaging the values for all pixels within the positron emission tomography slices above the straight sinus. p represents the significance level comparing the mean regional values with the corresponding whole-slice values using two-way paired t tests.
a Left hemispheric values are significantly lower (p < 0. 00 1) than corresponding right hemispheric values using two-way paired t tests.
in 3 of our 24 normal subjects, some of the stan dardized ROls were above all seven PET slices, In these cases, the mean regional value was calculated with fewer ROIs. Finally, there will still remain some contribution from nonbrain regions such as the smaller sulci although prominent sulci were avoided when selecting standardized ROIs.
